Abstract: Platelet-derived growth factor (PDGF) is a potent mitogenic factor for many cell types and has been shown to be important in follicular development and vasculogenesis. In this study, we examined the expression pattern of both PDGF factors and their corresponding receptors in mesenchyme-derived dermal papilla cells (DPCs) and epithelial follicular keratinocytes (FKs). Both types of PDGF receptors are expressed in FKs, whereas DPCs only express PDGF receptor b on the protein level, a finding also seen in whole organ cultures. By examining the expression of PDGF ligands, we were able to show that cultured FKs synthesize both PDGF-A and PDGF-B, whereas, DPCs only express PDGF-A. As immunomodulatory cytokines were shown to affect hair growth, we investigated the effects of IL-1b, IL-4, TNF-a, TGF-b and IFN-g on the expression levels of PDGF factors in cultured DPCs and FKs. Interestingly, we could show a significant down-regulatory effect by catagen-inducing cytokines like IL-1b or IFN-g, suggesting a possible involvement of PDGF signaling in the induction of catagen. The question concerning the latter hypothesis remains to be elucidated in further studies on whole organ cultures.
Introduction
Platelet-derived growth factor (PDGF) is a potent mitogen produced in a large number of cell types (e.g. keratinocytes and endothelial cells) and is important for growth, proliferation and differentiation (1) . The PDGF family consists of at least three different polypeptides, named PDGF-A, PDGF-B and PDGF-C, forming four different isoforms of biologically active PDGF molecules (PDGF-AA, AB, BB and CC). Recently, a fourth member of the PDGF family has been identified and named PDGF-D (2) .
The different isoforms of PDGF exert their biological activities by binding to two different cell-surface receptors, which were shown to be ligand-induced tyrosine kinases possessing intrinsic tyrosine kinase activity. The PDGF receptor-a (PDGFR-a) has been proven to be specific for all three PDGF chains, whereas the PDGF receptor-b (PDGF-b) only binds the B polypeptide. Both PDGFR-a and PDGFR-b dimerize in response to binding of PDGF, as a result of which the dimerized receptors cross-phosphorylate each other on tyrosine residues of the cytosolic part of the receptor, leading to receptor activation. Phosphorylation of different tyrosine residues generates binding sites for molecules with Src homology 2 (SH2) domains involved in the further signal transduction of PDGF, and exert their further biological activity, including phosphorylation of downstream signaling molecules. Potent mitogenic effects are mediated by activated PDGF receptors but the cellular response to PDGF stimulation depends on the expression pattern of these receptors. Both receptor-a and receptor-b lead to an increase in intracellular Ca 2þ and cell growth but cellular effects of PDGF activation depend on cell type (1) . The development of skin appendages like the hair follicle is the net result of complex signaling interplay between epithelial and mesenchymal cell populations. During hair follicle embryogenesis, the expression of both PDGF-A and PDGF-B can be observed in the hair germ.
Generally, this epidermal-mesenchymal interaction is thought to be predominantly coordinated by the dermal papilla (DP) (3, 4) . The latter is supposed to transmit the signals necessary for proliferation of matrix keratinocytes.
The DP has been proven to show immunoreactivity of PDGF receptors only during development of the hair follicle (5) . Although the biological role of PDGF factors in hair follicle development is not yet fully understood, it has been shown that the proliferation of rat hair follicles can be stimulated by PDGF (6) . In addition, the blockade of PDGFR-a with monoclonal antibodies during neonatal development results in an interrupted maturation of hair follicles in mice (7) . The matrix keratinocytes partly enclose the DP, supporting the hypothesis that epithelial-mesenchymal communication may occur via PDGF signaling (8) . Thus, PDGF may be a candidate molecule affecting the mesenchymal-epithelial interaction necessary for fully developed follicles.
The DP, which plays an important role in the induction of hair follicle formation, can also induce follicular growth from epithelium that is not usually associated with hair formation (9) .
Several approaches have been made to clarify the mechanisms involved in hair follicle cycling. Activation and inactivation of the stem cells located in the bulge area influence the fate of the hair follicle and its status. During late anagen, the normally slow cycling stem cells of the bulge area are activated by dermal papilla cells (DPCs). To further elucidate this epithelial-mesenchymal communication within the human hair follicle, we have examined the expression of both types of PDGF receptors and their corresponding PDGF factors in follicular keratinocytes (FKs) as the epithelial component and in DPCs as a mesenchymal-derived cell type.
We report here that both types of PDGF receptors are expressed in epithelial-derived FKs, whereas the mesenchymal DPCs only express PDGFR-b, and that the expression levels of PDGF isoforms can be influenced in vitro by treatment with cytokines known to be positive and negative regulators of hair follicle activity. The data obtained indicate that PDGF signaling may contribute to regulatory autocrine and/or paracrine processes within the human hair follicle.
Materials and Methods

Isolation and culture of dermal papilla cells
Human dermal papilla cells were obtained from six healthy patients undergoing plastic surgery for face lifting. Complete anagen follicles were microdissected under a stereomicroscope (Zeiss 47 50 22) as described earlier (10) . Each dermal papilla was cut across its 'stalk' region, transferred to 35-mm culture dishes and incubated in a humidified 95% atmosphere with 5% CO 2 at 37 C. Dermal papilla cells were cultivated in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal calf serum (FCS), 100 IU/ml of penicillin, 0.1 g/l of streptomycin, 0.5 mM of L-glutamine (Biochrom, Berlin, Germany).
Confluent cultures were subcultured using 0.1% trypsin and 0.02% ethylenediaminetetraacetic (EDTA) acid solution and then propagated in the culture medium described earlier. Experiments were carried out using subconfluent cell cultures (70-80%) up to the 8th passage.
Isolation and culture of human follicular keratinocytes
Follicular keratinocytes were obtained by plucking anagen hair follicles from scalp regions of healthy male volunteers with subsequent cultivation of outer root sheath keratinocytes from distal hair shafts in serum containing culture medium [DMEM/HAM F 12 1 : 1 supplemented with 10% fetal calf serum (FCS), 100 IU/ml of penicillin, 0.1 g/l of streptomycin, 10 ng/ml of epidermal growth factor (EGF), 5 ng/ml keratinocyte growth factor (KGF), 0.08 mg/ml of cholera toxin, 0.4 mg/ml of hydrocortisone]. The first subcultures of human FKs were established when primary keratinocyte outgrowth was observed. Cells were cultivated in serum-free keratinocyte medium containing 0.1-0.2 ng/ml of recombinant epidermal growth factor (EGF) and 25 mg/ml of bovine pituitary extract (BPE; Gibco, Grand Island, NY, USA). Primary cultures of FKs were further maintained and harvested as described previously (11) .
Isolation and culture of human hair follicles as whole organ culture Human hair follicles were isolated from hair scalp skin as described previously (12) . General maintenance was carried out in 24-well plates in serum-free Williams E medium containing 2 mM of L-glutamine, 10 ng/ml of hydrocortisone, 10 mg/ml of insulin, 100 IU/ml of penicillin and 0.1 g/l of streptomycin. Hair follicles were cultivated in a humidified atmosphere at 37 C and 5% CO 2 . After cyrosection, human hair follicle cultures were further processed for APAAP staining.
Reverse transcription-polymerase chain reaction
For RNA isolation 3 Â 10 6 cells were grown in 75-cm 2 Petri dishes. Subconfluent cultures were left for 24 h under culture medium devoid of serum or any growth factors. Total RNA was isolated using the RNeasy Midi Kit (Quiagen, Hilden, Germany) according to the manufacturer's protocol. Total RNA concentration was determined photometrically and stored at -20 C. After digestion of genomic DNA with DNAse I, cDNA was synthesized by reverse transcription (RT) of 5 mg of total RNA using T-Primed First-Strand Kit Ready-To-Go (Pharmacia Biotech, Uppsala, Sweden). After photometrical determination of cDNA concentration, the products of the RT reaction were used as templates for the following polymerase chain reaction (PCR) analysis.
Polymerase chain reaction amplification of PDGFR-a/b was carried out as follows: initiating denaturation at 94 C for 3 min, 30 cycles of denaturation at 94 C for 1 min, annealing at 61 C for 1 min, synthesis at 72 C for 45 s, and a finishing extension cycle at 72 C for 10 min The amplification for b-actin was performed in the same manner as PDGFR-a/b amplification. The PCR experiments were undertaken at a final volume of 50 ml with final concentrations of 0. 
Sequencing
The PCR fragments of PDGFR-a and PDGF-b were cloned into pT-Adv-vector (Clontech, Palo Alto, CA, USA). After transfection of competent DH5a TM -cells (Gibco) plasmid preparation was performed according to the protocol of SEQLAB (Go¨ttingen, Germany). Sequencing was performed using the ABI 377 sequencer (Perkin Elmer, Norwalk, CT, USA).
Western blot analysis
Cultured cells were grown to confluence and monolayers were washed twice with ice-cold PBS. Cells were solubilized in lysis buffer (0.01 M Tris-HCl, 0.144 M NaCl, 0.5% Igepal CA-630, 0.5% SDS) including a cocktail of protease inhibitors (mini complete tablet; Boehringer Mannheim, Germany) by passing through a 26-gauge needle several times. Cytosolic fractions were prepared by centrifugation at 13.000 Â g for 20 min (4 C). Fifty mg/well of extracted proteins were separated by SDS-PAGE on polyacrylamide gels and transferred by electrophoresis to a nitrocellulose membrane (0.45 mm, Schleicher & Schuell, Dassel, Germany). In order to eliminate unspecific binding of antibodies, membranes were blocked by incubation with TBS containing Tween-20 (0.05% v/v) and 5% non-fat dried milk overnight at 4 C with gentle shaking. Expression of PDGFR-a/b was detected by incubating the filter sequentially in solutions containing rabbit polyclonal antibodies against human PDGFR-a/b and HRP-conjugated secondary antibodies (Santa Cruz, Santa Cruz, CA). Receptor expression was visualized using enhanced chemiluminescence reagent (NEN, Boston, MA, USA).
PDGF receptor tyrosine-phosphorylation studies
Cells were grown to confluence and serum-starved 24 h before stimulation with PDGF-AA or PDGF-BB. To inhibit phosphatase activity, cells were incubated with 1 mM pf Na 3 VO 4 for 10 min. Then, stimulation with 100 ng/ml of PDGF-AA or PDGF-BB for 10 min was performed. Whole cell lysates were prepared as described earlier. Tyrosine phosphorylations were studied with anti-P-Tyr antibodies and a HRP-conjugated antimouse secondary antibody (Santa Cruz).
Cytokine stimulation
Each stimulation experiment was performed in serum-free keratinocyte medium without any supplements. Dermal papilla cells cultivated in serum-containing DMEM were switched to serum-free medium 3 days before stimulation with cytokines. All cytokines were used at a concentration of 10 ng/ml, except IL-4, which was used at a concentration of 100 ng/ml (R & D Systems, Minneapolis, MN, USA).
Immunohistochemistry
Three Â 10 4 cells were cytocentrifuged on glass slides, fixed in icecooled acetone for 10 min and air-dried. Whole organ cultures (WOCs) were cultivated as described previously. After sectioning with a total thickness of 6 mm, slices of WOC were fixed with acetone and air-dried. The cytocentrifuged cells and WOCs were subjected to APAAP staining (alkaline phosphatase antialkaline phosphatase). Primary antibodies were anti-PDGFR-a and anti-PDGFR-b (both from Santa Cruz). Primary antibodies were incubated for 30 min at room temperature. After intensive washing with TBS, cells were incubated with the APAAP complex for 30 min at room temperature.
After a second incubation period with the APAAP complex (10 min), naphtol-AS-biphosphate and new fuchsin were taken as the substrate and developer. Counterstaining was carried out using Mayers' hematoxylin.
For negative controls, primary antibodies were replaced by non-immune serum in the presence of the substrate in order to monitor endogenous alkaline phosphatase activity.
Results
Expression of PDGF-A and -B at mRNA level in cultured human follicular keratinocytes and dermal papilla cells
As PDGF-A and PDGF-B and their corresponding receptors PDGFR-a and PDGFR-b have been shown to be important factors during hair follicle embryogenesis, we first investigated the expression of PDGF-A and PDGF-B mRNA in human FKs and DPCs using RT-PCR analysis.
Taking oligonucleotides coding for specific sequences in the genes of PDGF-A and PDGF-B, RT-PCR was performed using freshly isolated RNA from cultured human FKs and DPCs. Products of the expected size (303 bp for PDGF-A) could be detected for both FKs and DPCs (Fig. 1a) . The expression of PDGF-B (252 bp) could only be detected in FKs but not in DPCs (Fig. 1b) . The PCR products of PDGF-A and -B were not detectable when RT was omitted, proving that only RNA, and not genomic DNA, is the template for PCR analysis.
Expression of PDGF receptors a/b at mRNA level in cultured human follicular keratinocytes and dermal papilla cells High levels of PDGFR-a/b transcripts could be detected in cultured DPCs (Fig. 2a) , whereas only low but detectable levels of PDGFR-a/b transcripts could be proved for FKs (Fig. 2b) . Thus, the transcript levels of both PDGF receptors are much higher in cultured DPCs compared with FKs.
Human follicular keratinocytes express both types of PDGF receptors, whereas dermal papilla cells only express PDGFR-b on the protein level In order to examine the protein expression by Western blot analysis, specific polyclonal antibodies for either PDGFR-a or PDGFR-b were used. Immunoblots performed on cell homogenates of FKs clearly showed the expression of both PDGFR-a and PDGFR-b in these cells (Figs 3a, b) . The immunoblots performed on cell homogenates from DPCs showed a predominant band at 180 kDa immunoreactive with PDGFR-bantibodies. This band is consistent with the monomeric full-length protein. Cell lysates from NIH 3T3 fibroblasts served as positive control in all Western blot examinations and showed the same strong immunoreaction with PDGFR-a/b antibodies. Two further protein bands probably represent 130 kDa and 85 kDa degradation products of the PDGF receptor (Fig. 3d) . We were not able to detect any protein expression of PDGFR-a in DPCs (Fig. 3c) although its mRNA transcript could be clearly detected by RT-PCR.
Effects of proinflammatory cytokines on PDGF-A and -B expression in cultured follicular keratinocytes and dermal papilla cells
As human hair follicle cyclic activity is regulated by different cytokines, we used a panel of cytokines and investigated their ability to regulate the expression of PDGF-A and -B mRNA in cultured human FKs and DPCs. The cytokines IL-1b, IL-4, TNF-a, TGF-b and IFN-g are supposed to possess a regulatory function in hair follicle cycling and growth and were tested at a concentration of 10 ng/ml, except IL-4, which was tested at a concentration of 100 ng/ml.
We were able to show that only IL-1b, IL-4 and IFN-g caused a significant decrease of PDGF-A synthesis in DPCs (Fig. 4a ) and in FKs (Fig. 4b) , whereas all other cytokines tested had no significant effect on PDGF-A synthesis.
Among these three cytokines, IL-1b was the strongest inhibitor and decreased the expression of PDGF-A by 50%. In DPCs, the inhibitory effect of TNF-a on PDGF-A synthesis was as strong as using IL-1b (Fig. 4a) and led to reduced PDGF-A expression levels. However, no influence occurred in FKs stimulated with TNFa (Fig. 4b ). Of all cytokines tested, TGF-b had the slightest effects on regulation of PDGF-A and -B in FKs and DPCs but these altered expression levels were not significant. Stimulation of FKs with TGF-b resulted in a moderate alteration of PDGF-A synthesis but up-regulated the expression of PDGF-B (Fig. 4c) . TGF-b stimulated DPCs and showed slight changes in PDGF-A mRNA expression.
The PDGF levels, standardized by b-actin levels, are given as n-fold to the control (PDGF expression in non-stimulated cells), as described in the Material and Methods section. The results of the cytokine-induced alteration of PDGF mRNA expression levels are presented in Table 1 . 
Immunohistochemistry of PDGF receptors a/b
We examined the expression of both PDGF receptors in cytocentrifuged DPCs and FKs as well as in cultured human hair follicles as WOC in order to minimize differences in the expression pattern between the in vitro and in vivo situation. Immunohistochemical staining of cytocentrifuged DPCs and FKs with anti-PDGFR-a/b antibodies showed that both PDGF receptors are expressed in cultured FKs, whereas DPCs only expressed PDGFR-b (Fig. 5) . Cultured DPCs, in particular, showed strong positive staining for anti-PDGFR-b antibodies, whereas FKs hybridized somewhat weaker. Although immunohistochemical stainings are only semiquantitative, our data suggest that PDGFR-b seems to be equally expressed in DPCs and FKs.
The positive stained cells displayed no difference in the pattern of hybridization; most of the positive signals appeared at the site of the cellular membrane.
The staining was completely negative when primary antibodies were replaced by non-immune serum at the same concentration, demonstrating that the PDGF receptors were specifically stained with the APAAP technique. The staining on WOC cultures confirmed the results previously obtained on centrifuged cells. PDGFR-b is strongly expressed in the DP, in cells of the fibrous sheath (Fig. 6b) , and also in the hair follicle epithelium (Fig. 6d) . PDGFR-a-positive staining was completely absent in the DP and in fibrous sheath cells (Fig. 6c) but detectable in the epithelial part of the hair follicle (Fig. 6c) . n ¼ 2. *P < 0.05, **P < 0.05, ***P < 0.001 vs. control. According to the results the cytokines were classified as stimulating ("), slightly decreasing (#), strongly decreasing (##) and not influencing (!).
Tyrosine phosphorylation of PDGF receptor a/b on cultured dermal papilla cells and follicular keratinocytes
In a final set of experiments, we investigated the ability of PDGF-AA and PDGF-BB to induce tyrosine phosphorylation of PDGF receptors in DPCs and FKs. After stimulation of FKs expressing both types of PDGF receptors, we subjected the cytosol to SDS-PAGE, which was immunoblotted with monoclonal antibodies against phosphotyrosine residues. As expected, both PDGF factors, PDGF-AA and PDGF-BB, were able to induce tyrosine phosphorylation (Fig. 7a) . The phosphorylated band at 85 kDa represents the degradation products of PDGF receptors. Similar results were obtained with cultured DPCs. As DPCs only express PDGFR-b, tyrosine phosphorylation failed when DPCs were stimulated with PDGF-AA (Fig. 7b) . The phosphorylated fulllength protein could only be seen when stimulated with PDGF-BB.
Discussion
In the present study, we have investigated the expression of PDGF ligands and their corresponding receptors PDGFR-a and PDGFR-b in cultured DPCs and FKs derived from the human hair follicle as well as in whole organ culture. Using RT-PCR techniques, we could clearly demonstrate a strong expression of both PDGFR-a and PDGFR-b on the RNA level in mesenchymal-derived DPCs, whereas only low but detectable levels of RTs were taken into account for epithelial-derived FKs. The reaction products obtained by RT-PCR were verified by sequencing and identified as being PDGF receptor-derived.
To confirm the data of mRNA expression on protein level, immunoblots were performed on cell lysates of cultured DPCs, FKs and Swiss 3T3 fibroblasts as positive control, showing in FKs a band with a molecular weight of approximately 180 kDa strongly immunoreactive with both PDGFR-a and PDGFR-b antibodies. The molecular weight of the full-length receptor is known to be approximately 180 kDa, demonstrating the presence of both receptor types in cultured FKs. Interestingly, we could not detect any protein expression of PDGFR-a in cultured DPCs although its mRNA had been previously demonstrated in RT-PCR analysis, suggesting that transcript levels of PDGFR-a in cultured DPCs do not correlate with the expression of the mature cell surface PDGFR-a protein. These findings were supported by the immunohistochemical stainings of PDGF receptors using cytocentrifuged cells and cultured hair follicles (WOC). Staining of WOC with PDGFR-a antibodies displayed that cells of the dermal papilla remain negative also in WOC. Thus the negativity for PDGFR-a in DP can not be explained by the findings of Kishimoto et al. (13) who described that cultured DPCs lose their inductive capacity when separated from epithelium. Generating a transgenic mouse expressing the green fluorescent protein (GFP) in DPCs, the GFP-expression was significantly decreased when DPCs were cultivated in vitro. These results might indicate the striking differences between the in vivo and in vitro gene expression profiles in mice. However, the particular trait of WOC is to investigate the hair follicle on the whole and to minimize experimental imponderabilities when cells of the human hair follicles are isolated and cultivated in vitro. From our point of view, the difference between the expression of PDGFR-a RNA and the absence of the mature protein in DPCs reflects the origin of the cells but not their function. The DPCs originate from cells expressing PDGFR-a in embryogenesis but loose the capacity in adulthood. In the present investigations, there was no difference in cultured FKs where the expression of PDGFR-a on the RNA level was followed by the expression of the mature protein.
The PDGFR expressed in cultured DPCs is of the b type and is strongly detected using specific polyclonal antibodies, recognizing this type of receptor and even demonstrating a much stronger expression than in cultured FKs. Thus, PDGFR-b is mainly expressed in the mesenchymal part of the human hair follicle, whereas, in the epithelial part PDGFR-a as well as PDGFR-b can be detected. These results obtained on cultured cells as well as in whole organ culture were confirmed by the tyrosine-phosphorylation studies where this expression pattern could be seen. Accordingly, stimulation of cultured DPCs with PDGF-AA had no detectable response, whereas stimulation of FKs with either PDGF-AA or PDGF-BB, and of DPCs with PDGF-BB, induced a significant phosphorylation on the tyrosine residues of the PDGF receptors in corresponding cells.
Platelet-derived growth factor receptors and ligands are highly important in embryogenesis of the hair follicle (14) and in vasculogenesis (15) , and it has well been recognized that the potent pleiotropic factor PDGF is mitogenic for mesenchymal cells and stimulation of hair canal development. Blocking of PDGFR-a with specific antibodies results in suppression of hair canal formation (7, 8) ; the basal layer of the epidermis does not subside to join the follicular epidermis and aggregates at the sites of developing hair follicles. Many hairs are retained within follicles, the dermis is thin and the mesenchyme sparse (7).
Normally, neither PDGF receptors nor PDGF ligands are expressed in epithelial cells under physiological conditions, however, PDGFR-a is expressed for a few days in the neonatal period in the epidermis but not in the basal, the FKs, or in the mesenchymal cells adjacent to the follicular epithelium (7) . In epithelial cells, the expression of both PDGF ligands and receptors has only been observed during wound healing processes and was immediately turned off after tissue reconstruction (16) . Interestingly, cultured FKs were shown to express both types of PDGF ligands and receptors. Possibly, PDGF ligands are released by FKs and act in an autocrine manner on PDGF receptors, subsequently stimulating growth of cultured FKs. As the human hair follicle is a continuously self-regenerating tissue (3, 17, 18) , the persistent expression of both PDGF receptors and ligands in the proliferating epithelial FKs in adulthood underscores the exceptional importance of these cells in hair follicle cycling. These findings support the specialized function of FKs in maintaining embryonic capacities under physiologic conditions even during adulthood, but only within the hair follicle and not in other structures of human skin.
Development of the hair follicle and regular hair cycling are thought to be regulated by an epithelial-mesenchymal communication, predominantly coordinated by the dermal papilla (4, 19) . Cultured DPCs were shown to produce and secrete several soluble cytokines and growth factors important for the regulation of this epithelial-mesenchymal interplay (20) . Some of these DPC-derived factors stimulate the proliferation and differentiation of epidermal keratinocytes (21) and also the induction of new hair development from the epidermis (22) .
Therefore, we tested a panel of cytokines and growth factors for their ability to influence the expression of PDGF ligands in cultured human DPCs and FKs. This panel comprised IL-1b, TNFa, TGF-b1, IL-4 and IFN-g, which are known to inhibit hair follicle growth and to promote apoptotic processes during hair follicle cycling (23) (24) (25) .
Our present investigations clearly demonstrated that IL-1b, IL-4 and IFN-g significantly decreased the expression levels of PDGF-A in both human DPCs and FKs. Of these cytokines, IL-1b had the strongest effects and caused a down-regulation of PDGF-A expression levels of 50% in DPCs and FKs. IL-1b is known to be produced by epidermal keratinocytes, lymphocytes and fibroblasts. Follicular keratinocytes are known to express interleukin 1 receptor (IL-1R) (26, 27) , whereas DPCs do not express this type of receptor but the corresponding cytokine itself. Therefore, IL-1b might be an important key regulator in the mesenchymal-epithelial interplay but further studies are necessary to clarify its exact function in this interaction. Incubation of human FKs with TNF-a had no obvious effects on the expression of PDGF ligands, whereas, in human DPCs, TNF-a reduced the PDGF-A levels comparable to IL-1b. Both cytokines were previously shown to potently inhibit hair follicle organ culture (28, 29) .
In conclusion, TNF-a was shown to significantly decrease the expression levels of PDGF ligands in cultured DPCs, whereas IL-1b, IL-4 and IFN-g caused a regulation of PDGF ligand expression at the concentration tested in both FKs and DPCs.
PDGF-A promotes angiogenesis in vivo, and its effect is indirect, as it does not act on endothelial cells because of lack of receptors on these cells (30) . At low concentrations PDGF-A is a chemoattractant for fibroblasts, monocytes and neutrophils secreting vascular endothelial growth factor (VEGF) and other angiogenic molecules (31) . Additionally, PDGF-B is a morphogen, which supports the formation of connective tissue stroma, necessary for angiogenesis (32) . We have recently shown that PDGF-A potently induced VEGF mRNA expression in cultured DPCs. A similar relation has been found in cells of neuroectodermal origin: PDGF-B induced VEGF expression in these cells (33) .
The role of PDGF in the hair cycle and hair follicle angiogenesis is poorly understood but has been demonstrated to be necessary for the development of the hair follicle canal and perifollicular mesenchyme (7) . Concluding that PDGF-A influences VEGF expression of DPCs, PDGF-A may be an important factor stimulating morphogenesis of new capillaries in anagen. The growth factors involved in morphogenetic processes of the human hair follicle (PDGF-A, TGF-b1) also stimulated VEGF expression in DPCs, and therefore a certain angiogenic capacity is probably disposed.
Platelet-derived growth factor receptor expression could barely be regulated by the donation of cytokines or growth factors (data not shown), suggesting that the expression levels of PDGF receptors are quite insensitive to manipulations in vitro and that the cellular environment is the more potent regulating factor. On the other hand, differences in receptor expression may be explained by cell-type-specific differences.
Our data have been functionally confirmed by means of tyrosine phosphorylation studies, whereby the selective response in DPCs and FKs, depending on the PDGFR profile, was detected. Ligand-induced tyrosine kinases possessing intrinsic tyrosine kinase activity, subsequently proved by these studies that expression of individual ligands is functionally significant with activation of the PDGF-signaling pathway with the associated activation of intrinsic tyrosine kinase activity, subsequently influences proliferation and differentiation processes in the human hair follicle.
